Election data represent a precious source of information to study human behavior at a large scale. In proportional elections with open lists, the number of votes received by a candidate, rescaled by the average performance of all competitors in the same party list, has the same distribution regardless of the country and the year of the election. Here we provide the first thorough assessment of this claim. We analyzed election datasets of 15 countries with proportional systems. We confirm that a class of nations with similar election rules fulfill the universality claim. Discrepancies from this trend in other countries with open-lists elections are always associated with peculiar differences in the election rules, which matter more than differences between countries and historical periods. Our analysis shows that the role of parties in the electoral performance of candidates is crucial: alternative scalings not taking into account party affiliations lead to poor results.
1
. Empirical evidence shows that a number of social phenomena are also characterized by simple emergent behavior out of the interactions of many individuals. The most striking example is collective motion [2] [3] [4] . Therefore, in the last years a growing community of scholars have been analyzing largescale social dynamics and proposing simple microscopic models to describe it, alike the minimalistic models used in statistical physics. Such scientific endeavour, initially known by the name of sociophysics [5] [6] [7] , has been meanwhile augmented by scholars and tools of other disciplines, like applied mathematics, social and computer science, and is currently referred to as computational social science 8 . Elections are among the largest social phenomena. In India, USA and Brazil hundreds of million voters cast their preferences on election day. Fortunately, datasets can be freely downloaded from institutional sources, like the Ministry of Internal Affairs of many countries. Therefore, it is not surprising that elections have been among the most studied social phenomena of the last decade 9 . By now, several aspects of voting behavior have been examined, like statistics of turnout rates 10, 11 , detection of election anomalies 12, 13 , polarization and tactical voting in mayoral elections 14, 15 , the relation between party size and temporal correlations 16 , the relation between number of candidates and number of voters 17 , the emergence of third parties in bipartisan systems 18 , the correlation between the score of a party and the number of its members 19 , the classification of electoral campaigns 20 , etc. The most studied feature is the distribution of the number of votes of candidates [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . In the first analysis by Costa Filho et al. 21 , the distribution of the fraction of votes received by candidates in Brazilian federal and state elections seems to decay as a power law with exponent 21 in the central region. Following this finding several similar analyses have been performed on election data of various countries, like India 25 , Indonesia 26 and Mexico 28 . However, Fortunato and Castellano observed that the analysis by Costa Filho et al. treats all candidates equally, neglecting the role of the party in the electoral performance 30 . This assumptions appears too strong and unjustified, as the final score of the candidate is likely to depend on whether his/her party is popular or not. For this reason Fortunato and Castellano argued that characterizing and modelling the competition of candidates of the same party is more promising, as the performance of the candidates would be mostly depending on their own activity, rather than on external factors. Such competition occurs in a peculiar type of voting system, viz.
proportional elections with open lists, where people may vote for a party and one or more candidates. In this system, people may actually choose their representatives by voting directly for them, whereas the number of candidates entering the Parliament for a given party typically depends on the strength of the party at the national and/or regional level. In these elections, it was found that the distributions of the number of votes of a candidate, divided by the average number of votes of all party competitors in the same list, appear to be the same regardless of the country and the year of the election 30 . This claim has been recently disputed by Araripe and Costa Filho, who found that the universal curve computed in Ref. 30 does not follow well the profile of the distribution of Brazilian elections, which are also proportional and with open lists.
Here we carry out the first comprehensive analysis of the distribution of candidates' performance, using election results of 15 countries. We focus on proportional elections, as they feature the open-list system that allow voters to choose their representatives, enabling a real competition between candidates. We conclude that the relative performance, i.e. the ratio between the number of votes of a candidate and the average score of his/her party competitors in a given list has indeed the same distribution for countries with similar voting systems, and that discrepancies from the universal distribution emerge when the election has markedly different features (e.g. large districts, compulsory voting and weak role of parties in Brazil). We also show that party affiliations cannot be neglected: statistics of the absolute performance of candidates of different parties, like that investigated in the original analysis by Costa Filho et al., do not compare well between countries.
Results

Proportional elections.
The electoral system we wish to study is proportional representation (PR) 36 . We analyze data from parliamentary elections of 15 countries: Italy (until 1992), Poland, Finland, Denmark, Estonia, Sweden, Belgium, Switzerland, Slovenia, Czech Republic, Greece, Slovakia, Netherlands, Uruguay and Brazil. The basic principle is that all voters deserve representation and all political groups deserve to be represented in legislatures in proportion to their strength in the electorate. In order to achieve this 'fair' representation, the country is usually divided into multimember districts, each district in turn allocating a certain number of seats. Most countries having a PR system use a party list voting scheme to allocate the seats among the parties -each political party presents a list of candidates for each district. On the ballot the voters indicate their preference to a political party by selecting one or more candidates from the list. The number of seats assigned to each party in a district is proportional to the number of votes collected by the party. 21 , where one considers the fraction of votes received by a candidate. Since it is unclear to us what one exactly means by that, we consider two possible normalizations: a) the fraction of the total votes in the district, v i =N D i ; b) the fraction of the total votes in the country v i /N T . We shall refer to them as to CAAMd and CAAMn, respectively. We rule out the fraction of votes in the party list because the authors made clear that they do not consider party affiliations. The most sensible definition appears the normalization at the district level, which will be thus reported here. The results for CAAMn are shown in the Supplementary Information (Figs. S1, S2, S3 online).
The universality discovered in Ref. 30 referred to elections held in Finland, Poland and Italy in various years. Here we confirm the result with a larger number of data sets (Fig. 1 ). Panels A, B and C display the distributions for Italy, Poland and Finland, respectively, in different years. The stability of the curve within the same country is remarkable, especially on the tail. In panel F we compare the distributions across the countries, yielding the collapse found in Ref. 30 . Elections data in Denmark and Estonia (detailed in panels D and E), appear to follow the universal curve as well. We indicate this class of countries as Group U in the following. In Ref. 30 it was shown that this universal curve is very well represented by a log-normal function.
Italy ( While there is a historical persistence of the distribution at the national level, the curves do not really follow a common pattern, and do not match well the behavior of the universal distribution found for Italy, Poland, Finland, Denmark and Estonia. We distinguish here two classes of behaviors: Slovenia, Greece and Switzerland are characterized by a pronounced peak at v/v 0 5 1, and their tails match each other quite well. Brazil and Uruguay exhibit a monotonic pattern, quite different from the other three curves. The Brazilian curve follows quite closely the profile of the universal curve of Fig. 1 on the tail (v/v 0 . 1).
We conclude that open list systems do not guarantee identical distributions, but can be grouped in classes of behaviors. A close inspection of the election systems, however, may explain why we observe discrepancies. Slovenia divides its territory into eight districts which in turn are partitioned into 11 electoral units, each giving one candidate in the district. The voters can cast the vote for any of the candidates in the district, but the election of the candidate depends on the number of votes he/she won in his/her unit, i.e. the performance of the candidate in the unit is more important than the number of votes won in the district, which may affect both the candidates' campaigns and the voters' choices.
Greece uses a very complex seat allocation method among party lists and individual candidates. Although the ranking of the candidates on the list and the seats reallocation depends on the number of votes collected by the candidate, if one of the candidates happens to be the head of a party or a current or ex Prime Minister he/she is set automatically at the top of the party list, regardless of his/her electoral performance. Additionally, voting is compulsory, so many people cast a vote because they have to, without an informed opinion and/ or motivation to participate in the election.
In Switzerland, voters may cast as many votes as there are seats in the district. They may vote for all members of the list, or for candidates of more than one party. Voters are also allowed to cast two votes per candidate. This type of list is classified as free list.
In Brazil, like in Greece, voting is compulsory, and we cannot exclude that this plays a role on the shape of the distribution. In addition, each state is just one district, which then comprises a number of voters orders of magnitude larger than the typical districts in all other elections. This explains why the Brazilian curve spans a much larger range of values for the performance variable than all other curves. The huge number of voters in the same district also explains why parties present very long lists of candidates (often with over one hundred names). Finally, the role of parties is very weak; the political constellation frequently changes, with new parties being created and old ones being reshaped.
In Uruguay voters cannot choose candidates, but lists of candidates presented by the parties, the so-called sub-lemas. Therefore our analysis focuses on the distribution of performance of sub-lemas, instead of that of single candidates.
Figs. 3 and 4 show the analogues of Figs. 1 and 2 obtained by using CAAMd scaling. The historical stability of the corresponding distributions at the national level holds, however the comparison across countries is poor: curves appear to cross, not to collapse (panel F). According to Costa Filho et al. 21 the central part of the Brazilian curve follows a power law, with exponent close to 1; power law fits of the central region of the other distributions yield exponents sensibly different from each other, which confirms the crossing of the curves (see Supplementary Table S1 ). In particular, we could not identify any portion of the Polish curve resembling a power law. We conclude that the fraction of votes v/N D collected by a candidate in his/her electoral district does not follow the same probability distribution in different countries, not even when they have essentially identical voting schemes, as in Figs. 1 and 3.
Distribution of candidates' performance: semi-open lists. The other countries we considered use semi-open lists, with different thresholds for the number of preferences that candidates are required to collect in order to secure a seat in the Parliament. The higher the electoral quota is, the harder is for a candidate to reach the required number of votes. In this case the position of the candidate within the party, as it appears on the ballot, has more influence on his/her final rank than the number of votes he/she collected. This can drastically effect the motivation of the candidate to lead a personal campaign. Also, high quotas diminish the influence of the voter on the final list ordering, which affects both the degree of a candidate's involvement in his/her personal campaign and the way people cast their preference votes. Therefore there is hardly an open competition between candidates, and this may be reflected in the shape of the distribution of performance. Figure 5 shows the probability density distributions for different countries with semi-open lists, according to FC scaling. The elections in Czech Republic held in 2010 had the lowest electoral quota and P(v/v 0 ) (Fig. 5D ) turns out to be very similar to the curve obtained for Greek elections (Fig. 3B ). The country with the highest electoral quota are the Netherlands, where each candidate has to win 10% of votes cast on the national level in order to be directly elected. Voters in Netherlands have little or no influence on the ordering of candidates, which is essentially frozen by the party, and they often vote for the top-ranked candidate and the first several names on the list, as they are the most popular and appreciated members of the party. This resembles the rich-getsricher effect, which is characterized by power-law behavior of the distribution of the relevant quantities [38] [39] [40] [41] [42] . Indeed, the distribution of performance of Dutch candidates follows an approximate power-law behavior over most of the range of the performance v/v 0 (Fig. 5F ).
Besides the values of the electoral threshold, these countries also differ in the number of nominative preferences a voter can cast, in the size and number of multi-member districts, as well as in the electoral formula that determines the final rankings (see Section I of Supplementary Information). Any change in the electoral system, i.e. these several factors, might influence the shape of P(v/v 0 ). For instance, in 1994 Slovakia changed the number of multi-member districts, leading to appreciable changes in the shape of the distribution (Fig. 5C ). The change in the electoral quota and the number of nominative votes decided in Czech Republic in 2006, may be the responsible for the variation of the curve before and after that year (Fig. 5D) . The transition from semi-open to open lists introduced in Estonia in 2002, might explain why the curves before and after that year look different (Fig. 1E versus Fig. 5E ). Interestingly, after the introduction of open lists in Estonia, the distribution of performance matches the universal distribution of the other countries with similar election systems (Fig. 1F) , while before 2002 we find clear discrepancies. The corresponding distributions with CAAMd scaling also show marked differences between different countries (Fig. 6 ).
Estimating the similarity of the distributions. So far the estimation of the agreement or disagreement of different curves has been basically visual. In this section we would like to attempt a quantitative assessment of this issue. We build two matrices, whose entries are the values of the average distance D avg and the maximum distance D max between the distributions for any pair of countries for which we gathered election data (see Methods). The dissimilarity values for elections in the same country are reported on one diagonal of the matrix. Since we have adopted three different types of scaling for the electoral performance of candidates, FC, CAAMd and CAAMn, we end up with six matrices, which are illustrated in Fig. 7 . In each column we display the pair of matrices corresponding to one type of scaling, the first row contains the average distances, the second row the maximum distances. We built 16 Tables S2,  S3 , S4, S5, S6, S7 online. Dark squares (black-blue) correspond to the lowest values of D avg and D max , so to very similar distributions. The data collapse for the countries of Group U (Fig. 1F) is illustrated by We see that also the Brazilian and the Uruguayan distributions are fairly similar, on average, to the universal curve, mostly on the tail, although they considerably differ in the initial part, especially the Brazilian distributions. The strong similarity between the results of elections in the nations of Group U persists even if we consider the indicate the values of the average K-S distance between datasets of different countries. On the bottom row the maximum distances are reported. Each column corresponds to one of the three types of distributions we have examined, by using FC, CAAMd and CAAMn scaling. A color code is adopted to better distinguish the low values of the distance (indicated by dark colours), indicating a big similarity between the curves, from the larger values, corresponding to poor collapses. The dark square on the bottom left of the matrices obtained via FC scaling confirms that the distributions of those countries are pretty close to each other, as illustrated in Fig. 1F . Conversely, the similarity between distributions obtained via CAAMd and CAAMn scaling appears rather modest for most pairs of countries.
www.nature.com/scientificreports maximum distance (panel B), as the dark block is still there, though blurred. Slovenia and Greece appear very similar to each other but sensibly different from the other countries. The diagonal from bottom left to top right shows the values of the distance for datasets in the same country. In general, the distances are pretty low, but we also find fairly large values. These correspond to countries which introduced changes in the election rules, reflected in the shape of the distributions, as described above.
If we move to CAAMd scaling (panels C and D) the scenario is considerably worse, in that the curves are much more dissimilar to each other than the ones obtained with FC scaling. In panel C, the average distance between the countries of Group U is still low, though higher than for FC scaling (panel A), but when one moves to the maximum distance the block disappears (panel D). For CAAMn (panels E and F) the curves are even more dissimilar to each other.
We are not giving here any indication on the significance of the measured values of the K-S distance. Large values indicate with certainty that the corresponding distributions are really different curves, but low values could still have high significance. As a matter of fact, all values that we found, for all types of scaling, indicate a significant discrepancy between the corresponding distributions. However, we stress that here we are considering the whole profile of the distribution, from the lowest to the highest value of the performance variable. The most interesting part of the distributions, and the one which is likely to reflect collective social dynamics, is certainly the tail, because it is where one has the largest cascades of votes for the same individual. On the contrary, the initial part of the curve corresponds to poorly voted candidates, and there are many ways to get to such modest outcomes (like being voted solely by closest family members and friends), hardly susceptible of a mathematical modelling. But at this stage we did not want to identify the most ''interesting'' part of the distribution by constraining the range of the variable, which is always tricky. Therefore we decided to compare the full distributions.
We finally remark that in social dynamics one can hardly get the same striking data collapses obtained in physical systems and models. Even if the social atom hypothesis implies that just a few features of the social actors and their interactions determine the large-scale behavior, the complexity of human nature and context-dependent factors may still have some influence, albeit small. For instance, in the Polish distributions of Fig. 1B there is a hump for v/v 0 < 5, which occurs systematically at the national level, but which is absent in the other distributions of the same class. Therefore, obtaining the agreement of the distributions shown in Fig. 1F , despite all differences between countries and historical ages, is truly remarkable.
Discussion
We have performed an empirical analysis of elections held in 15 countries in various years. We focused on the competition between candidates, which is a truly open competition when the voters can indicate their favourite representatives in the ballot and candidates with the largest number of votes are ranked the highest. This occurs in proportional elections with open lists. Of the countries for which we found data, 10 adopt open lists. Five of them (Group U), Italy, Finland, Poland, Denmark and Estonia (since 2002) have very similar election rules, the other five are characterized by important differences (e.g. compulsory vote, huge districts and weak role of parties in Brazil), which are likely to affect the behavior of voters and candidates, leading to measurable differences in the statistical properties of the electoral outcomes. Indeed, the distribution of the number of votes received by a candidate, normalized by the average number of votes gained by his/her competitors in the same party list, seems to be the same for the nations of Group U, while there are marked differences from the curves obtained from the other countries. This result, originally found by Fortunato and Castellano for Italy, Finland and Poland 30 , is confirmed here on a much larger data collections and holds for Denmark and Estonia as well.
Different patterns are found for countries adopting semi-open lists, in which in principle voters can choose the candidates, but the main ranking criterion is still imposed by their party, regardless of the final electoral score of the candidate, unless it exceeds a given threshold. In this system the competition among the candidates is therefore not really open, and it is no wonder that the distribution of electoral performance does not follow the profile of the curves of Group U.
In general we found that the shape of the distribution is much more sensitive to the specific election rules adopted in the countries than to the historical and cultural context where the election took place. This is evident when one considers the evolution in time of distributions of any given country, which remain essentially identical even after many years, if the voting system does not change, but display visible variations following the introduction and/or modification of election rules as it happened in Estonia in 2002, Slovakia in 1994, Czech Republic in 2006. The case of Estonia is spectacular: before 2002 it used semi-open lists, and the distributions of relative performance of a candidate with respect to his/her party competitors did not compare well with the curves of the other countries of Group U. After the introduction of open lists, instead, the distributions became very similar to the universal curve. Such sensitivity of the distributions might allow to detect anomalies, e.g. large-scale fraud, in future elections 12, 13 . Our analysis proves that the success of a candidate, measured by the number of votes, strongly depends on the party he/she belongs to, and that only when one considers the competition among candidates of the same party universal signatures may emerge. Indeed, neglecting the party affiliation does not seem to take us very far: the two party-independent normalizations we have considered, following the procedure by Costa Filho et al. 21, 23, 32 , do not seem to reveal strong common features among distributions of different countries, not even when the latter follow nearly identical election schemes (e.g. the nations of Group U).
Methods
Election data. Here we consider the data sets for parliamentary elections from 15 countries with open and semi-open lists: Italy (1958, 1972, 1976, 1979 and 1987) 43 , Poland (2001, 2005, 2007 and 2011) 44 , Finland (1995, 1999, 2003 and 2007) 45 , Denmark (1990 Denmark ( , 1994 Denmark ( , 1998 Denmark ( , 2001 Denmark ( , 2005 Denmark ( , 2007 and 2011) 46 , Estonia (1992, 1995, 1999, 2003, 2007 and 2011) 47 , Slovenia (2004, 2008 and 2011) 48 , Greece (2007 and 2009) 49 , Switzerland (2007 and 2011) 50 54 , Slovakia (1994, 1998, 2002, 2010 and 2012) 55, 56 , Czech Republic (2002 Republic ( , 2006 Republic ( and 2010 57 and the Netherlands (2010 and 2012) 58 . Further details and sources for each file are given in Supplementary Table S8 online.
All datasets can be freely downloaded from the Website http://becs.aalto.fi/en/ research/complex_systems/elections/.
Comparing distributions. We use the Kolmogorov-Smirnov (K-S) distance 59 to measure the dissimilarity of two empirical distributions. The K-S distance D is defined as the maximum value of the absolute difference between the corresponding cumulative distribution functions, i.e. where S N1 x ð Þ and S N2 x ð Þ are the cumulative distributions for two data sets of size N 1 and N 2 .
Since we have multiple datasets for each country, in order to compute the dissimilarity of the distributions at the national level and across countries we proceed as follows. For a given country X we compute the distance between any two distributions for elections of X. For a pair of countries X and Y we compute the distance between any pair of distributions P X and P Y , corresponding to one dataset of X and one of Y, respectively. In both cases we take the average D avg and the maximum D max of the resulting values. In this way we estimate the average and the maximum distance between distributions of the same country and between distributions of two different countries. www.nature.com/scientificreports
